We present the results of three-dimensional magnetohydrodynamic simulations of solar emerging flux and its interaction with preexisting coronal field. In order to resolve the fine structures and the current sheets, we used highresolution grids with up to 800 × 400 × 620 points; the calculation was carried out using the Earth Simulator. The model set up is an extension of a previous two-dimensional simulation by Yokoyama and Shibata (1995) to include the variation along the third direction. Based on the same simulation result, we reported in our previous paper (Isobe et al. 2005) : (1) Dense filaments similar to Hα arch filament system are spontaneously formed in the emerging flux by the magnetic Rayleigh-Taylor type instability. (2) Filamentary current sheets are created in the emerging flux due to a nonlinear development of the magnetic Rayleigh-Taylor instability, which may cause an intermittent, nonuiform heating of the corona. (3) A magnetic reconnection between the emerging flux and preexisting coronal field occurs in a spatially intermittent way. In this paper we describe the simulation model and discuss the origin and the properties of the magnetic Rayleigh-Taylor instability in detail. It is shown that the top-heavy configuration that causes the instability is formed by the intrinsic dynamics of the emerging flux.
Introduction
Magnetic flux that emerges from the solar interior is the origin of sunspots and the active region. Newly emerging active regions are called emerging flux regions (EFRs, following Zirin 1972) . EFRs are associated with various active phenomena, such as large flares (Rust 1972; Kurokawa et al. 2002; Wang et al. 2004) , small flares (Brooks et al. 2003; Sakajiri et al. 2004 ), Ellerman bombs (Kurokawa et al. 1982; Georgoulis et al. 2002) , surges (Roy 1973; Liu, Kurokawa 2004) , and X-ray jets (Shibata et al. 1992b; Canfield et al. 1996; Shimojo et al. 1998) . They also trigger filament eruptions and coronal mass ejections (Feynman, Martin 1995; Chen, Shibata 2000) . These activities are considered to be due to the interaction of emerging flux with a preexisting magnetic field (Heyvaerts et al. 1977; Forbes, Priest 1984) or the direct transport of magnetic energy and helicity from the convection zone into the atmosphere (Parker 1974; Ishii et al. 2000; Kusano et al. 2002) .
A newly emerging flux is observed in hydrogen Hα images as dark filaments, called the arch filament system (AFS), connecting small sunspots with opposite polarities (Bruzek 1967; Frazier 1972) . The typical length and width of individual filaments are 10000-30000 km and 1000-3000 km, respectively, and the lifetime is 10-30 min. The apex of the filament ascends at a velocity of 10-15km s −1 , while downward velocities of about 50kms −1 are observed near the footpoints (Bruzek 1967; Zwaan et al. 1985; Chou, Zirin 1988 ). Chou and Zirin (1988) also estimated the temperature and density of an AFS, and found that it is 6000-15000 K, and the density is 10 11-12 cm −3 . The morphology and the dynamics of the emerging flux have been reviewed by Zwaan (1985) on the basis of ground-based observations. More recent observations using vector magnetograms have been reported by, e.g., Leka et al. (1996) and Kubo, Shimizu, and Lites (2003) .
Figure 1 (upper panel) shows an example of an Hα image of an EFR taken by the Domeless Solar Telescope at Hida Observatory (courtesy of H. Kurokawa). Many dark filaments (AFS) connect a sunspot (lower left) and a plage (upper right) that covers the other sunspot with opposite polarity. Since the plasma is frozen into the magnetic field, the arch filaments make visible the magnetic field lines near sunspots. However, the mechanism of the formation of dark filaments has not yet been clarified.
EFRs are also associated with X-ray brightenings (Golub et al. 1981) . Simultaneous observations of an EFR in Hα and X-ray by Yoshimura and Kurokawa (1999) support the idea that magnetic reconnection of an emerging magnetic field and a preexisting coronal field causes the X-ray brightening. Schmieder et al. (2004) used multiwavelength data of an EFR, and suggested that loops observed in extreme ultraviolet (EUV, T ∼ 1MK) and soft X-ray (T >2MK) are heated independently by different mechanisms.
The lower panel of figure 1 is an EUV (195Å) image of an EFR near the solar limb observed by TRACE (Handy et al. 1999) . Note that dark and bright loops coexist alternatively. Kurokawa) . The dark filaments connect a sunspot (lower left) and a plage that covers a sunspot with opposite polarity (upper right). Lower panel: EUV image of an emerging flux region near the solar limb taken by the TRACE satellite on 1998 June 8. Bright loops are hot (10 6 K) and in emission, while dark loops are cold (10 4 K) and seen in absorption. A dark jet is ejected from lower side of the loops (indicated by the arrow).
The bright loops are hot (T ∼ 10 6 K) and in emission, while the dark loops are cold (T ∼ 10 4 K) and in absorption. The dark absorbing loops have a density comparable to Hα arch filaments (Mein et al. 2001) . The appearance of bright and dark loops indicates that heating of the emerging flux into the coronal temperature occurs in a spatially intermittent way. Ejection of a dark jet (surge) is also recognized.
The emergence of a magnetic field into the atmosphere is a highly nonlinear process. Hence, many numerical simulations have been carried out to investigate the dynamics of emerging flux. Two-dimensional magnetohydrodynamic (MHD) simulations by Shibata et al. (1989a, b) showed that a horizontal flux sheet below the photosphere is unstable to the undular mode of a magnetic buoyancy instability, which is also known as Parker instability (Parker 1966) , and form an upwardexpanding magnetic loop rising in a self-similar fashion. Their model predicts velocities of the rising magnetic loop and downflows along the magnetic field consistent with observations (Bruzek 1967; Chou, Zirin 1988) .
The interaction of the emerging flux and a preexisting magnetic field have also been studied by two-dimensional simulations (e.g., Forbes, Priest 1984; Shibata et al. 1992a ). Shibata (1995, 1996) showed that fast magnetic reconnection between the coronal magnetic field and a newly emerging magnetic field produced an X-ray jet and an Hα surge simultaneously. Miyagoshi and Yokoyama (2003) extended the simulation by Shibata (1995, 1996) to include the anisotropic heat conduction, and showed that evaporation of chromospheric plasma produced the X-ray jets.
Three-dimensional MHD simulations have been enabled due to the development of high-performance computers. Matsumoto et al. (1993) studied the nonlinear evolution of interchange and undular modes of a magnetic buoyancy instability. More recently, several groups have studied the emergence of a twisted flux tube (Matsumoto et al. 1998; Fan 2001; Magara, Longcope 2001; Manchester et al. 2004) . Those simulations have succeeded to reproduce some of the observed global features of EFRs, such as the twisted (S-shaped) structure (Rust, Kumar 1996) and the development of a magnetic field and a horizontal velocity field at the photosphere (Strous et al. 1996) . Fan and Gibson (2004) studied the current formation between a line-tied, kink-unstable flux tube injected from a lower boundary and a preexisting coronal field, and demonstrated the formation of S-shaped current sheets. The nonlinear behavior of the three-dimensional instability of a magnetic sheet with shear was investigated by Nozawa (2005) . MHD simulation of magnetic reconnection between the emerging twisted flux tube and the preexisting coronal field has also reported recently by Archontis et al. (2004 Archontis et al. ( , 2005 and Galsgaard et al. (2005) .
If one considers the explosive release of magnetic energy, like flares and jets, fast magnetic reconnection must be taken into account, because the magnetic Reynolds number in the solar corona (and most of space and astrophysical plasmas) is extremely large. However, a self-consistent treatment of the global dynamics and the magnetic reconnection in three dimensions is still a hard task, because one has to resolve thin current sheets formed spontaneously as the result of the global evolution of the magnetic fields. In order to tackle this problem, we carried out high resolution MHD simulations using the Earth Simulator. The Earth Simulator is a parallel vector supercomputer system of the distributed-memory type, installed at the Earth Simulator Centre, in Yokohama, Japan. It consists of 640 processor nodes (PNs); each PN has 8 vector-type arithmetic processors (APs) and a 16-GB main memory system. A part of its resource is allocated for the study of "Cosmic Structure Formation and Dynamics" (PI: R. Matsumoto), in which this work is involved.
In our previous paper (Isobe et al. 2005) we reported on the results of the high-resolution, three-dimensional simulations of an emerging flux and its interaction with a preexisting coronal field carried out on the Earth Simulator. The main conclusions are: (1) dense filaments, which are similar to the observed Hα arch filaments, are formed spontaneously in the emerging flux because of the magnetic Rayleigh-Taylor instability, (2) as the result of a nonlinear development of the instability, filamentary current sheets are formed in the periphery of the dense filaments, which may contribute to the coronal heating, and (3) spatially intermittent magnetic reconnection occurs in the interchanging current sheet between the emerging flux and the preexisting coronal field.
In this paper we present a more detailed analysis of the simulation result reported in Isobe et al. (2005) , particularly concerning the formation of arch filaments and filamentary current sheets. The three-dimensional intermittent reconnection will be discussed in a following paper. The rest of this paper is organized as follows: In section 2 we describe the basic equations and the model set up; In section 3 the simulation results are explained; In section 4 we discuss the mechanism of filament formation and implications to coronal heating; Conclusions are summarized in section 5.
Numerical Model

Basic Equations and Assumptions
We solve the three-dimensional, resistive, and compressible MHD equations in Cartesian coordinates. The medium is assumed to be an inviscid perfect gas with a ratio of the specific heats of γ = 1.4. For the heat loss/gain, radiative cooling and heat conduction are neglected. Ohmic heating is taken into account. The basic equations in the non-dimensional form are:
∂ ∂t
where
Here, g = (0, 0, −1/γ ) is the gravitational acceleration, η the resistivity, and J the current density. The other symbols have their usual meanings. We also introduce the non-dimensional equation of state to calculate the temperature T ,
These equations were numerically solved by using the modified Lax-Wendroff scheme (Rubin, Burstein 1967) with an artificial viscosity (Richtmyer, Morton 1967) . We used the simulation code CANS (Coordinated Astronomical Numerical Softwares) that was developed as a product of ACT-JST project (PI: R. Matsumoto) and tuned to run effectively on the Earth Simulator.
For the resistivity model we adopted (uniform + anomalous) resistivity with the functional form of
where v d ≡ J /ρ. v c = 2000 is the threshold above which the anomalous resistivity sets in, and η 0 = η 1 = 0.01. Similar anomalous resistivity models have been used in the MHD simulations of fast magnetic reconnection (e.g., Sato, Hayashi 1979; Ugai 1992; Yokoyama, Shibata 1994) .
Initial and Boundary Conditions
The simulation domain is designed to model the emergence of magnetic flux from the upper convection zone into the corona. The size of the simulation box is 0 ≤ x ≤ X max , 0 ≤ y ≤ Y max , Z min ≤ z ≤ Z max , where z is the vertical direction. The gravitational acceleration is constant. The initial condition is in magnetohydrostatic equilibrium and consists of three layers: a superadiabatically stratified layer representing the upper convection zone (−5 ≤ z < 0), an isothermal cold (T = T pho ) layer representing the photosphere/chromosphere (0 ≤ z < z tr ), and an isothermal hot (T = T cor ) layer representing the corona (z tr < z). The initial distribution of temperature is given by, for convection zone,
and for the upper atmosphere,
where T pho and T cor are the temperatures in the cold and hot layers, respectively. We took T pho = 1 (∼ 10 4 K), T cor = 100 (∼ 10 6 K), z tr = 8 (∼ 2480 km), and w tr = 0.5 (∼ 160 km). The values in the parentheses are the corresponding typical values in the solar atmosphere. |dT /dz| ad ≡ (γ −1)/γ is the adiabatic temperature gradient and a is a dimensionless constant. The layer is convectively unstable when a > 1. We used a = 2, and hence the subphotospheric layer (z < 0) is convectively unstable. For linear and nonlinear analyses of the Parker instability in a convectively unstable layer, see Nozawa et al. (1992) .
For the initial magnetic field we consider a magnetic flux sheet in the convection zone and uniform background field. The former represents the upper sheath of a large scale flux tube and the latter represents the pre-emergent magnetic field in the chromosphere and the corona. A schematic illustration of the model is shown in figure 2. We adopted this geometry because the aim of the present study is to investigate the interaction of emerging flux with preexisting ambient field with high resolution, while previous studies mainly focused on the global morphology of a highly twisted flux tube (Matsumoto et al. 1998; Fan 2001; Magara, Longcope 2001; Manchester et al. 2004 ). The magnetic flux sheet in the convection zone is given by
where β(z) is the plasma beta (ratio of gas pressure to magnetic pressure),
We took β fs = 4, z fsl = −4, z fsu = −2, and w fsl = w fsu = 0.5. On the basis of the functions of temperature, T (z), and plasma beta, β(z), given above, the distributions of the density, ρ(z), the pressure, p(z), and the magnetic field strength in the sheet, B fs (z), were derived by numerically solving the onedimensional magnetohydrostatic equation in the z-direction,
with the aid of equations (7) and (11). The uniform background field is given by Fig. 3 . Vertical distributions of the temperature, density, gas pressure and magnetic pressure in the initial condition. To obtain the typical values in the solar atmosphere in the cgs units, multiply 10 4 (K) for the temperature, 10 17 (cm −3 ) for the density, 1.9 × 10 5 (dyne cm −2 ) for the gas and magnetic pressures, and 310 × 10 7 (cm) for length. See table 1 for the normalization units.
where B cor is the strength of the background field and θ cor is the angle of the field from the x-axis. We took B cor = 0.06 and θ cor = 5π/6; hence, the x-component of the background field is anti-parallel to the flux sheet in the convection zone. The vertical distributions of physical parameters in the initial condition are shown in figure 3 . In order to excite the convective-Parker instability (Nozawa et al. 1992 ), a small-velocity perturbation of the form
was imposed on the magnetic-flux sheet within a finite domain
, where A is the amplitude of the perturbation, and λ p is the wavelength of the perturbation. We took A = 0.05 (∼ 0.6kms −1 ) and λ p = 20 (∼ 6200 km), which is nearly the most unstable wavelength of the linear Parker instability. The initial condition and imposed perturbation are, therefore, uniform in the y-direction. However, there are tiny fluctuations on the order of 10 −8 due to the numerical round error. These fluctuations grow by physical instabilities to form three-dimensional structures, as we show in section 3.
For the boundaries, we assumed a periodic condition for x = 0, x = X max , y = 0 and y = Y max , a symmetric condition (rigid conducting wall) for z = Z min . The top boundary at z = Z max is a free boundary where z derivatives of all the variables vanish. For numerical stability we put a wave damping zone in z ≥ 60 where fluctuations of the density, gas pressure, and velocity from initial condition are exponentially decay with time. Therefore, the top boundary does not affect the results.
The size of the simulation box was X max = 160 (∼ 50000km), Y max = 50 (∼ 16000km), Z min = −5 (∼ −1600km), and Z max = 80 (∼ 25000 km). In order to examine the effect of numerical diffusion, we used a fine mesh (model 1) and a coarse mesh we also ran a simulation without any coronal field (model 3), and two-dimensional simulations with and without a coronal field (models 4 and 5). The examined models are summarized in table 2. In the following we mainly present the result of the fine mesh case (model 1), which was calculated using the Earth Simulator. We used 20 PNs (160 Aps) and it took 28169 s to calculate 50000 steps for this model. The other models were calculated using Fujitsu VPP5000 at the National Astronomical Observatory of Japan.
Result
Overall Evolution
In this section we describe the overall evolution in model 1. Figure 4 shows snapshots of the three-dimensional visualization of the simulation result. The illuminated blue surfaces are the surfaces of constant magnetic field strength |B| = 0.14 (isosurface of |B|). Also shown are the temperature distribution at y = 50 (color contour on the boundary) and a set of magnetic field lines (pink tubes). The start points of the magnetic field line integration are located on the line at (y, z) = (8, 65). Initially, the perturbed part of the magnetic flux in the convection zone rises due to the convective-Parker instability (t = 50). As the instability develops, the plasma in the magnetic flux slides down due to gravity along the magnetic field, enhancing the magnetic buoyancy in the middle of the rising magnetic flux. The rising flux expands in the atmosphere and forms omega-shaped magnetic loops (t = 86). Then, a current sheet is created between the emerging flux and the coronal field. At first Sweet-Parker type magnetic reconnection occurs in the current sheet due to the uniform resistivity, but it is slow, and hence has little effect on the dynamics of the emerging flux. An anomalous resistivity sets in when v d exceeds the threshold v c , then fast magnetic reconnection starts, creating oppositely directed plasma flows (jets) from the X-point(s) (t = 96.5). The plasma velocity and the magnetic field configuration near the reconnection region are shown in the zoomed-in figure of the reconnection region at t = 96.5 (lower right panel of figure 4).
The dynamics and morphology are similar to those of previous two-dimensional simulations. The readers are referred to Yokoyama and Shibata (1996) for more details. However, three-dimensional structures can be recognized in the isosurface of |B| in the late phase of the evolution(t = 86, 96.5). These structures arise from the magnetic Rayleigh-Taylor type instability, as we show in the following.
Three-Dimensional Structure Formation by the Magnetic Rayleigh-Taylor Instability
The emerging flux lifts the cold (T ∼ 1, ∼ 10 4 K) and dense plasma in the lower atmosphere up to the corona. The cold plasma in the emerging flux is drained by gravity and slides down to the photosphere along the magnetic field. Shibata et al. (1989b) found that the evolution of the physical parameters at the mid-point of the emerging magnetic loop is well described by a self-similar solution. However, if we carefully look at the result of their two-dimensional simulation, we can recognize density inversion at the top of the emerging flux, a deviation from the self-similar solution (figure 7 of Shibata et al. 1989a ).
The density inversion at the top of the emerging flux also appeared in the present three-dimensional simulation. Figure 5 shows snapshots of the density (gray scale plots), resistivity (thick solid lines), and velocity field (arrows) on the yz-plane at x = 82, where the X-points of reconnection locate. The sharp drop of density around z = 19 at t = 70 is the interface between the emerging flux and the corona. Just below the interface is a sheet of heavy plasma with a width of ∼ 1, where the density is higher than that in the lower part (z < 18). Namely, the emerging flux has "top-heavy" configuration and hence it is unstable for Rayleigh-Taylor type instability. Therefore, the small fluctuation of density that is barely recognizable at t = 70 grows with time. At t = 76 rising bubbles and relatively sinking spikes are clearly seen. In the nonlinear stage of instability (t = 78), the neighboring spikes interact each other, creating larger structures. At t = 81, mushroom-like structures are clearly seen in the relatively sinking spikes. This is due to the Kelvin-Helmholtz instability of the interface of the sinking spikes and the rising parts, where velocity shear is strong (Sharp 1984; Cattaneo, Hughes 1988) .
Because the magnetic field is almost perpendicular to the yz-plane, the modes in the x direction are stabilized. Therefore, the evolution of the instability shows nearly a twodimensional behavior, resulting in the formation of many dense filaments along the magnetic field. The filamentary structure is visualized in figure 6 . The illuminated gray surfaces are the isosurfaces of density ρ = 5×10
−5 (dark gray) and ρ = 5×10
−4
(light gray) at t = 80. The dark-gray isosurface traces the dense filaments in the emerging flux and the light-gray surfaces traces the upper layer of the chromosphere. Magnetic field lines near y = 40 are also drawn for reference. Although we need to treat non-LTE radiative transfer to directly compare with the Hα observations, the isosurface of ρ exhibits a remarkable similarity to the Hα arch filament system (figure 1). The Hα filaments are dark because the density of the absorbing plasma is large in those filaments. Therefore, the distribution of the low-temperature (T ∼ 1), high-density plasma above the chromosphere is a good approximation to what will be observed as dark features in Hα images. The length (∼ 30, ∼ 9000 km) and width (∼ 5, ∼ 1500 km) are also consistent with the typical values of Hα arch filaments (Bruzek 1969) . Therefore, we propose that the magnetic RayleighTaylor instability is a possible cause of the filamentary structure in the emerging flux regions.
Another interesting point is the localization of fast reconnection. The thick solid lines in figure 5 are the contours of η = 0.02, showing the locations of anomalous resistivity. The anomalous resistivity is localized in the (relatively) rising part of the magnetic Rayleigh-Taylor instability. This is because the density of the rising part is smaller, and also the current density in the rising part is larger because of the upward pushing.
When the anomalous resistivity sets in, fast magnetic reconnection starts (Yokoyama, Shibata 1994) . Then, the plasma in the current sheet is ejected as reconnection outflows from the diffusion region. Hence, the gas pressure decreases, inducing further inflows into the diffusion region. The inflows serve to enhance the current density, and hence the resistivity, leading to an increase in the reconnection rate and a further induction of inflows. Thus, it is a nonlinear gross instability, which has been studied extensively in two-and three-dimensional MHD simulations (e.g., Ugai 1992; Ugai, Shimizu 1996) . The inflows also enhance the nonlinear evolution of the magnetic Rayleigh-Taylor instability. Thus, the fast reconnection and the magnetic Rayleigh-Taylor instability are also coupled in this simulation. Such a spatially intermittent reconnection in the interchanging current sheet has not been considered in previous MHD simulations. We will discuss its properties in more detail in a following paper.
Formation of Filamentary Current Sheets
As a result of the nonlinear evolution of the magnetic Rayleigh-Taylor instability, the magnetic field in the emerging flux is deformed and creates current sheets. Figure 7 illustrates the current distributions in the emerging flux at t = 84. The left panel shows the current distribution on the yz-plane at x = 80 and the xz-plane at y = 48, as well as the isosurfaces of ρ and the magnetic field lines near y = 40. The current density is larger in red and smaller in blue. The strongest current (red) is located at the interface of the emerging flux and the coronal field. A remarkable feature is, however, many filamentary current sheets in the emerging flux (green spikes on the yz-slice). These filamentary current sheets are created in the periphery of the dense filaments due to a deformation of the magnetic field by the sinking spikes of the magnetic Rayleigh-Taylor instability. The right panel of figure 7 shows the isosurfaces of the current density, J . The transparent lightgreen surface is that of J = 0.05, and the opaque green one is that of J = 0.5. Note the intermittent nature of the current distribution.
The formation of a filamentary current sheet inside the emerging flux is due to an internal deformation of the emerging flux, and hence the current sheets can be created even without an antiparallel coronal field. Figure 8 shows a cross section of the current density at x = 80 for models with and without the coronal field. Model 1 (upper panel) and model 2 (middle panel) are with the coronal field, with high and moderate resolutions, respectively. Model 3 (lower panel) is without the coronal field with moderate resolution. Regardless of the presence of an overlying coronal field, the magnetic RayleighTaylor type instability develops and filamentary current sheets are created in the emerging flux. The dissipation of these current sheets may contribute to heating the corona, as we further discuss in subsection 4.3.
Since the total pressure in the initial corona is lower in the case without a coronal field (model 3), the emerging flux rises higher than that in the case with the coronal field, which may cause the difference in the shape of the current sheets in the emerging flux. Another important point is that the spatial scale of the current sheets, which is the result of a nonlinear evolution of the magnetic Rayleigh-Taylor instability, is nearly the same in high and moderate resolutions (model 1 and 2). This indicates that the dominant wavelength of the instability in the nonlinear phase does not depend on the resolution or the numerical viscosity. This issue is discussed in subsection 4.2.
Discussion
Why the Emerging Flux Becomes Top-Heavy?
In section 3 we demonstrate that the filamentary structures in the mass and current densities arose in the emerging flux due to the magnetic Rayleigh-Taylor instability. For the instability to occur, it is essential that the gas density increases with height in the emerging flux. Such a top-heavy configuration was also recognized in previous two-dimensional simulations (Shibata et al. 1989a Observations also indicate that emerging fluxes have top-heavy configuration; an AFS does not look like a hill, but a set of loops whose inner parts are void. In this section we examine why the top of the emerging flux becomes top-heavy. Since we are not interested in the evolution of the instability, but in the formation of a top-heavy configuration, we use the result of two-dimensional simulations (models 4 and 5) for the sake of simplicity. Figure 9 shows snapshots of the density (gray scale plots), the velocity field (arrows), and the magnetic field lines (solid lines) of models 4 and 5. In order to highlight the top-heavy part in the emerging flux, the scaling of the density is linear (while logarithmic in figure 5 ) and a density larger than 10 −3 is saturated. The denser part at the upper sheath of the emerging flux is common in both cases, while there is an asymmetry in model 4 because of the presence of an oblique coronal field. The top-heavy part locates just below the interface between the corona and the emerging flux, and the temperature is about 1. This dense part at the top of the emerging flux becomes unstable to the magnetic Rayleigh-Taylor instability, and forms arch filaments in three-dimensional simulations. We call this dense part the dense sheath. The temperature inside the emerging flux is cold (T ∼ 1, ∼ 10 4 K) and the scale height (∼ 1, ∼ 310 km) is less than the height of the emerging flux. Therefore, during the rising of emerging flux the plasma continues to slide down to the chromosphere, even in the dense sheath. The draining flows along the magnetic field are recognized in the velocity field in figure 9 . Figure 10 shows the vertical distributions of the density ρ (solid lines) and the x-component of the magnetic field B x (dotted lines) at the midpoint of the emerging flux (x = 80) in model 5. Since the initial condition is magnetohydrostatic, initially there is a density increase with height (density inversion) near the upper boundary of the magnetic sheet in the convection zone (z ∼ −2). One may presume that this density inversion survives in the later phase and appears as the dense sheath. This is not the case at least in the present parameter, as shown below.
The thick part in the density plot traces in a Lagrangian way the fluid element on the same magnetic field lines on which the dense sheath is formed. This is done by plotting the region where the vector potential, A y , is in a certain range (A y0 ≤ A y < A y0 + 1.2, where A y0 is a constant) with the thick line, because each magnetic field line is identified by the value of the vector potential on that field line. The thick part at t = 0 locates at the top of the magnetic sheet and does not correspond to the density inversion (density increase with height). Therefore, the formation of a dense sheath is not due to the magnetohydrostatic initial condition.
The density at the midpoint of the emerging flux keeps decreasing even in the dense sheath. Hence, the origin of the dense sheath is the difference of the rate of density decrease between the outer and inner parts of the emerging flux. The density decrease with time is due to expansion of the emerging flux by magnetic pressure and downward flow along the magnetic field by gravity. Since the dense sheath does not appear in the self-similar solution found by Shibata et al. (1989a) , it is the result of a deviation from self-similarity. Indeed the small deviation from self-similarity is recognizable in the shape of the field lines. Figure 11 shows the magnetic field lines at t = 65 (dashed lines) and t = 70 (solid lines) for model 5. The same field lines at each time are drawn by plotting the isocontours of the same values of the vector potential; the plasma on the field line A(B) 65 at t = 65 stays on the field line A(B) 70 at t = 70, because the magnetic diffusion is negligibly small. The deviation from self-similarity can be realized by comparing the curvature of the magnetic field line at the same height and different time, e.g., A 65 and B 70 . If the evolution is strictly self-similar, the curvatures of field lines A 65 and B 70 should be the same. However, the outer field line, A 65 , has a larger curvature radius than does the inner field line, B 70 . Magara (2004) studied the evolution of emerging magnetic fields with various curvatures, and showed that indeed the curvature is an important factor of the evolution of expanding magnetic loops. If the curvature radius is large, the effective gravity along the magnetic filed, and hence the rate of draining by the downflows, is small. The smaller draining rate results in a larger density, and the larger density results in a smaller enhancement of the buoyancy force, or even gravity braking of the upward expansion.
In order to quantitatively evaluate the effects of plasma draining and the expansion of magnetic loops as the origin of the dense sheath, we divide the velocity vector v into two components:
and
are the velocity components parallel and perpendicular to the magnetic field, respectively. Then, div v, divv perp , and div v para are calculated to see which component is dominant in the density decrease. Figure 12 shows the vertical distributions of div v, divv perp , and div v para at the midpoint of the emerging flux (x = 80) at t = 45, 55, and 60. The thick parts are the same as those of the density plots in figure 10 , showing the location of the dense sheath. The positive divergence corresponds to the decrease in density. The plots of div v (upper panel) show that the density in the emerging flux keeps decreasing. However, the rate of the density decrease (= div v) drops around the dense sheath, indicated by the thick line. This difference of the rate of density decrease causes the formation of the dense sheath. Near the dense sheath divv perp changes its sign from divergence to convergence, while divv para also decreases with height in the same region, but does not change the sign. Figure 13 shows the distribution of v perp and div v perp (upper panel), and v para and div v para (lower panel) at t = 50, as well as the magnetic field lines (solid lines). The dashed lines in each panel are the contours of div v perp = 0 and divv para = 0, respectively. By comparing with figure 9, we can see that the location of the dense sheath corresponds to the region where div v perp is negative. Therefore, at least for the present parameters, we conclude that the expansion perpendicular to the magnetic field and its deviation from self-similar solution mainly serve to form the dense sheath, though the difference in the rate of draining by the down flows along the magnetic field also plays a role. It is also worth noting that for the density decrease in the emerging flux, the draining along the magnetic field is more effective than the adiabatic expansion of the loop, as we can see from the fact that div v para is larger than div v perp almost everywhere in the emerging flux. This is consistent with the self-similar solutions (Shibata et al. 1990 ). The reason that the rate of draining is slightly smaller on the outer field lines, where the dense sheath is formed, is that the outer field lines have a larger curvature radius, and hence the effective gravity along the magnetic field is smaller there. There are a couple of reasons why the outer field lines have a larger curvature radius: the distance between the two footpoints at the photosphere is larger for the outer field lines, and the horizontal expansion of the inner field lines is suppressed by the Lorenz force of the outer field lines. It is also possible that the reconnection with neighboring lobes flattens the shape of the field line (Magara 2004) . 
What Determines the Width of Filaments?
The physics that determines the width of the filamentary structure in the emerging flux is complicated, and we have not yet a clear answer. The instability that leads to the formation of the filaments can be considered to be approximately as the interchange mode of the magnetic Rayleigh-Taylor instability, though the curvature of the magnetic field lines, gravitational draining of plasma along the magnetic field, and the dynamic expansion of the system may cause some complexity. The magnetic Rayleigh-Taylor instability in similar structure has been investigated for a magnetic slab deep in the convection zone (e.g., Cattaneo, Hughes 1988; Matthews et al. 1995) .
Because the viscous and magnetic diffusivities in the solar atmosphere are small, small wavelength modes grow faster in the linear stage. However, the simulation result indicates that the characteristic wavelength in the nonlinear stage is not that of the largest linear growth rate. This is clearly shown in figure 5 . At first, small wavelength mode(s), λ y ∼ 1, appear, and then the neighboring fingers interact and amalgamate to form larger structures.
In order to see the evolution of the different wavenumber modes of the instability, we performed a Fourier analysis of the vertical velocity, v z , on the horizontal lines parallel to the y-axis. Since the emerging flux is moving upward while the instability grows, we determined the horizontal line on which we would make a Fourier transform as follows. First we considered only the yz-plane at x = X max /2 = 80 because we are interested only in the interchange modes; the structure on the yz-plane does not change significantly along the x-axis near the apex of the emerging flux. We define the average height of the current sheet, z cs (t), at which the x-component of the magnetic field, B x , changes the sign; then, the horizontal line is located at z = z cs − 1.2. Figure 14 shows the temporal evolution of the amplitude of the Fourier modes with k y = 4 (solid curve), 2 (dotted curve), and 0.75 (dashed curve), where k y is the wavenumber. It is clearly seen that at first the large-wavenumber modes (k y = 4 and k y = 2) grow exponentially, and when these modes saturate the small-wave number mode (k y = 0.75) starts to grow. This suggests the energy transfer from the large-wavenumber modes to the small-wavenumber modes by nonlinear coupling. The thin solid and dotted lines show the linear growth rate, ω, of the Rayleigh-Taylor instability of k = k y = 4 and 2, respectively. To calculate the linear growth rate we neglect the diffusions and the effect of the magnetic field, and hence it is given by Chandrasekhar (1961) 
where ρ 2 and ρ 1 are the densities in the dense sheath and just below the dense sheath, respectively. Since the density keeps decreasing because of the gravitational draining along the magnetic field, we use the values at t = 74, ρ 2 = 10 −3 and ρ 1 = 2 × 10 −4 as representative values. Despite these simplifications, the growth rate of the large-wavenumber modes in the simulation, particularly the k y = 4 mode, fits very well to the linear theory. The k = 2 mode appears to grow slightly faster than the linear theory, which may also be due to the nonlinear inverse cascade (Hachisu et al. 1992) .
In order to measure the effect of numerical diffusions, we performed a simulation with an identical model, but using coarser grids (model 2). Figure 15 shows the same as figure 5 but for model 2. Since the numerical diffusion is larger in this model, the characteristic wavelength, λ y , in the early stage is larger than that in model 1 (t = 76). The wavelength at this stage is almost the smallest that can be resolved by our code; the arrows in figures 5 and 15 are plotted for each 8 grid points in both directions. However, the characteristic wavelength in the nonlinear saturated stage (t = 81) is almost the same as that in models 1 and 2, though the mushroom structure is not clear in model 2.
The key factor that determines the width of the filaments is probably the nonlinear mode coupling by the interaction of the vortices that arise from the interchange mode (k ⊥ B) of the magnetic Rayleigh-Taylor instability and the secondary Kelvin-Helmholtz instability of the fingers (Youngs 1984) . Cattaneo and Hughes (1988) investigated the nonlinear evolution of the interchange instability of a magnetic layer, and showed that the interaction of vortices determines the evolution of the instability in the nonlinear stage. In our simulation it seems that the inverse cascade by the amalgamation of sinking spikes proceeds until the distance between neighboring vortices becomes sufficiently large, indicating the dominant role of vortex-vortex interaction. The curvature of the magnetic field line and magnetic reconnection may also play a role. Furthermore, if the initial magnetic sheet has finite shear, i.e., if the direction of the magnetic field varies as a function of the height, the instability will be a mix of the interchange and undular modes, probably leading to formation of wider filaments (Kusano et al. 1998; Nozawa 2005 ). We will investigate the effect of the shear in a future study.
The seed of the magnetic Rayleigh-Taylor instability is the tiny (∼ 10 −8 ) fluctuation due to the numerical noise. It should be noted that the approximately two-dimensional behavior in the early phase of the emergence (i.e., before the growth of the Rayleigh-Taylor instability at the top) is due to twodimensional perturbation given by equation (15). The linear growth rate of the interchange mode is larger than that of the undular mode, but the amplitude of the perturbation is much larger for the undular mode (A = 0.05). This significantly simplifies the dynamics, and enables us to investigate the instability at the top of the emerging flux separately. In the following we briefly mention what happened when we gave a comparable amplitude perturbation in the y direction to the initial flux sheet.
Since the initial convection zone is hydrostatic, but strongly superadiabatic, the convective instability (interchange mode in the initial flux sheet) grows much faster than the undular mode. Then, a significant fraction of the magnetic flux is captured by the downflows in the convection zone so that only a part of the flux can escape into the upper atmosphere. Therefore, the magnetic field strength of the emerging flux becomes weak and cannot reach to the corona. This behavior is probably because the initial flux sheet in the convection zone is too thin to provide enough magnetic flux into the upper atmosphere in our simulations. We intend to carry out further simulations with different initial conditions and perturbations in the future. Probably the morphology and dynamics become more complicated, but we believe that the formation of a filamentary structure by the magnetic Rayleigh-Taylor instability still occurs because the basic dynamics of the top-heavy formation discussed in the previous subsection is not likely to change significantly.
Even though the amplitudes of the interchange mode in the initial flux sheet are much smaller in the early phase than those of the undular mode, at the later phase they eventually grow to a nonlinear phase and excite a three-dimensional convection pattern in the convection zone. One may presume that the convection motion causes a three-dimensional perturbation in the corona that leads to the magnetic Rayleigh-Taylor instability at the top of the emerging flux. In order to measure the effect of convection, we also carried out a simulation with an identical model of Shibata et al. (1989a) , but allowing a variation in the third (y) direction. In this model the initial magnetic flux sheet is embedded in an isothermal atmosphere, and hence the thermal convection does not occur and only undular modes can grow. We have confirmed that the magnetic Rayleigh-Taylor instability at the top of the emerging flux also occurs in this model. Therefore, at least the growth of the three-dimensional convection is not an essential factor for the magnetic Rayleigh-Taylor instability and the filament formation in the emerging flux.
As for the origin of AFSs in the Sun, it is possible that the emerging flux had already been fragmented before emergence, and the width of the arch filaments may be determined below or at the photosphere. Dark lanes observed at the photosphere in the early phase of the emerging flux support this idea (Bray, Loughhead 1964; Brants, Steenbeek 1985; Strous, Zwaan 1999) . However, even if the magnetic flux is fragmented below the photosphere, the fragmented emerging loops will expand horizontally and fill the field-free space between them soon after they emerge into the chromosphere and the corona where magnetic pressure dominates the gas pressure (Matsumoto et al. 1993) . Thus, it is not obvious whether such isolated filaments of cold and dense gas observed in Hα are formed by the emergence of fragmented loops. It is also worth noting that a finer (< 1000 km) filamentary structure can be recognized in high-resolution images. Possibly the largest structure of the arch filament system is determined by the geometry of the magnetic field and the dynamic interaction with convection below the photosphere, while a finer structure is formed by the Rayleigh-Taylor instability in the upper atmosphere during its emergence.
Implication for Coronal Heating
As shown in subsection 3.3, filamentary current sheets are created in the emerging flux as a result of the nonlinear development of hydrodynamic instabilities. This supports the idea that the corona is heated by the dissipation of small scale current sheets (nanoflares; Parker 1988) . Random motion of the footpoints of the magnetic field in the photospheric convection is considered in most studies as the driving mechanism of current formation in the corona (e.g., Galsgaard, Nordlund 1996; Gudiksen, Nordlund 2002) . Karpen, Antiochos, and DeVore (1996) demonstrated the reconnection-driven current filamentation by a two-dimensional MHD simulation. Our simulation shows that in the case of emerging flux the magnetic Rayleigh-Taylor instability also works efficiently for smallscale current formation.
On the observational side, Solanki et al. (2003) obtained vector magnetograms for different heights of the solar atmosphere, and revealed the three-dimensional magnetic structure and the formation of a current sheet in the emerging flux. Furthermore, the EUV image from TRACE (figure 1) shows that the bright(hot) and dark(cold) loops alternatively exist in the emerging flux. This strongly indicates that heating of the emerging flux to the coronal temperature occurs in a spatially intermittent way. In high (> 1 MK) temperature plasma, like the solar corona, thermal conduction is very effective only along the magnetic filed. Therefore, in order to compare the thermal structure of high-temperature plasma with observations, one has to treat the nonlinear anisotropic thermal conduction (Yokoyama, Shibata 1998) , though it has little effect on the dynamics of the emerging flux. The present simulation does not include anisotropic thermal conduction, and hence cannot reproduce the thermal structure in the corona.
However, the distribution of current sheets in the periphery of dense filaments indicates that heating of the plasma occurs in the relatively less dense region between the dense filaments, leading to the formation of a system of hot and cold (dense) loops similar to that observed by TRACE.
Reconnection with a preexisting coronal field should play an important role in heating of the emerging flux. Patchy fast reconnection due to coupling with the magnetic RayleighTaylor instability is also consistent with the intermittent nature of the heating. However, we emphasize that the formation of filamentary current sheets occurs even without a preexisting coronal field, as demonstrated in subsection 3.2. Reconnection with a preexisting coronal field is likely to be responsible for transient and strong heating and the acceleration of jets, while relatively static and moderate heating is possibly by the dissipation (reconnection) of many smaller current sheets created by the magnetic Rayleigh-Taylor instability in the emerging flux.
Finally, we briefly mention about the generation of Alfvén waves by the vortex motion. As shown in subsection 3.2, many vortices are created in the emerging flux as a result of nonlinear development of the Rayleigh-Taylor and Kelvin-Helmholtz instabilities. Those vortices can excite torsional Alfvén waves Matsumoto et al. 1993) , which may also contribute to coronal heating and solar-wind acceleration (e.g., Parker 1991; Hollweg 1992; Axford et al. 1999; Kudoh, Shibata 1999) . Also, the vortex motion from the KelvinHelmholtz instability may generate a magnetic twist in the filaments. In such a case the sign of the twist of neighboring filaments will be opposite. We suggest that this will be an interesting and challenging target of high-resolution measurements of the vector magnetic field in the chromosphere.
Summary and Conclusions
We carried out high-resolution MHD simulations of solar emerging flux and its interaction with the coronal field using the Earth Simulator. Our aim was to investigate the interaction of the emerging magnetic field and a preexisting coronal field by a high-resolution simulation that can resolve the thin current sheets and fast reconnection. We adopted a two-dimensional magnetic sheet as an initial condition, considering the upper sheath of the larger scale flux tube that will eventually form an active region. As the main results, we reported in a previous paper (Isobe et al. 2005 ) the formation of a filamentary structure by the magnetic Rayleigh-Taylor instability and the occurrence of three-dimensional intermittent reconnection. In this paper we discuss the former issue in more detail. Conclusions are summarized as follows (the latter will be discussed in detail in a subsequent paper):
(1) Owing to the two-dimensional initial condition, the overall global evolution of the emerging flux is basically the same as that of a two-dimensional simulation by Yokoyama and Shibata (1996) . The flux sheet rises due to the Parker instability, expands into the upper atmosphere, and forms Ω-shaped loops in the corona. A cold (T ∼ 1, ∼ 10 4 K) plasma in the emerging flux continues to slide down to the chromosphere along the magnetic field during the emergence. A thin current sheet is created between the emerging flux and the coronal field, and when anomalous resistivity locally sets in, fast magnetic reconnection occurs between the emerging flux and the coronal field.
(2) The top of the emerging flux becomes top-heavy. This is because the expansion perpendicular to the magnetic field is slower in the outer part of the emerging flux, and hence serves to compress the plasma, although the density keeps decreasing because of draining by the gravitational downflow along the magnetic field. The rate of the draining is smaller in the outer part of the emerging flux, because the curvature of the outer field line is larger, and therefore the effective gravity is smaller. This also serves to form the top-heavy configuration.
(3) Since the emerging flux obtains the top-heavy configuration, it becomes unstable to the magnetic Rayleigh-Taylor instability. As a result of nonlinear evolution of the instability, dense filaments are created along the magnetic field, which are very similar to the Hα arch filament system. The physics needed to determine the width of filaments is not yet clear, but is probably related to the interaction of neighboring vortices created by the magnetic Rayleigh-Taylor instability and the secondary Kelvin-Helmholtz instability in the sinking spikes.
(4) Filamentary current sheets are created as the result of a magnetic field deformation by nonlinear evolution of the magnetic Rayleigh-Taylor instability, even without the antiparallel coronal field. This naturally explains the intermittent nonuniform heating of emerging flux detected by the EUV observation. Therefore, we propose that a small-scale current dissipation created by the magnetic Rayleigh-Taylor instability and the secondary Kelvin-Helmholtz instability contributes to the coronal heating in the emerging flux region.
We hope that the filament formation by the magnetic Rayleigh-Taylor instability and associated intermittent heating will be examined by Solar-B, the solar observation satellite to be launched in 2006.
